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Mitochondrial Function in Murine Skin Epithelium
Is Crucial for Hair Follicle Morphogenesis and
Epithelial–Mesenchymal Interactions
Jennifer E. Kloepper1,9, Olivier R. Baris2,9, Karen Reuter3,4,9, Ken Kobayashi5, Daniela Weiland2, Silvia Vidali1,
Desmond J. Tobin6, Catherin Niemann3,4, Rudolf J. Wiesner2,4,7,10 and Ralf Paus1,8,10
Here, we studied how epithelial energy metabolism impacts overall skin development by selectively deleting
intraepithelial mtDNA in mice by ablating a key maintenance factor (TfamEKO), which induces loss of function of
the electron transport chain (ETC). Quantitative (immuno)histomorphometry demonstrated that TfamEKO mice
showed significantly reduced hair follicle (HF) density and morphogenesis, fewer intrafollicular keratin15þ
epithelial progenitor cells, increased apoptosis, and reduced proliferation. TfamEKO mice also displayed
premature entry into (aborted) HF cycling by apoptosis-driven HF regression (catagen). Ultrastructurally, TfamEKO
mice exhibited severe HF dystrophy, pigmentary abnormalities, and telogen-like condensed dermal papillae.
Epithelial HF progenitor cell differentiation (Plet1, Lrig1 Lef1, and b-catenin), sebaceous gland development
(adipophilin, Scd1, and oil red), and key mediators/markers of epithelial–mesenchymal interactions during skin
morphogenesis (NCAM, versican, and alkaline phosphatase) were all severely altered in TfamEKO mice. Moreover,
the number of mast cells, major histocompatibility complex class IIþ , or CD11bþ immunocytes in the skin
mesenchyme was increased, and essentially no subcutis developed. Therefore, in contrast to their epidermal
counterparts, pilosebaceous unit stem cells depend on a functional ETC. Most importantly, our findings point
toward a frontier in skin biology: the coupling of HF keratinocyte mitochondrial function with the epithelial–
mesenchymal interactions that drive overall development of the skin and its appendages.
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INTRODUCTION
Proper mitochondrial function and an intact electron transport
chain (ETC) are required for a variety of important cellular
functions, including ATP synthesis, calcium signaling, amino
acid, nucleotide and lipid synthesis, cell survival, proliferation,
apoptosis, and differentiation (McBride et al., 2006; Scheffler,
2008; Wang and Youle, 2009; Nunnari and Suomalainen,
2012; Rizzuto et al., 2012). Consequently, dysfunction of the
mitochondrial respiratory chain results in severe pathologies
(‘‘mitochondrial diseases’’), such as neurodegeneration,
myopathies, and premature aging of the skin and other
tissues (Trifunovic et al., 2004; Larsson, 2010; Coskun et al.,
2012; Wallace, 2012; Kang et al., 2013). Given the crucial role
of ETC function, it is thus surprising that stem and progenitor
cells are rather independent from oxidative metabolism (Chen
et al., 2009; Mantel et al., 2010). In particular, we found that
proper epidermal development in mice does not require a
functioning mitochondrial ETC (Baris et al., 2011).
This was studied in mice lacking mitochondrial transcrip-
tion factor A (TFAM) specifically in keratin14 (K14)-positive
cells (TfamEKO), leading to intraepithelial loss of mtDNA and,
consequently, of the ETC. Despite severe mitochondrial
dysfunction, overall development of the epidermis, cell pro-
liferation, and differentiation as well as skin barrier function
showed no major abnormalities in TfamEKO mice. However,
their first analysis had also suggested severe disturbances of
hair follicle (HF) development and/or intrafollicular apoptosis
(Baris et al., 2011). This has been recently confirmed by
Chandel and colleagues, who also generated TfamEKO mice
(Hamanaka et al., 2013). These animals showed abnormal
development of the pilosebaceous unit, which was attributed
to impaired notch/b-catenin signaling. The longer life span of
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these mice allowed the authors to observe late-onset
epidermal abnormalities, but still markers for all epidermal
layers could be detected in their skin, confirming that
epidermal differentiation does not critically depend on
mitochondrial ETC, contrary to other mitochondrial functions
(Baris et al., 2011).
This difference between HF and epidermal epithelium is not
surprising, as they are not only developmentally distinct but
also show many other biological differences. These include
different keratin expression patterns, topobiology, immunol-
ogy, stem cell populations and stem cell niches, distinct
responses to selected growth factors, and different dependence
on transcription factors (Botchkarev et al., 2004; Paus et al.,
2005; Samuelov et al., 2013). Also, one may simply assume
that the development of skin appendages is a high-energy–
consumption process (Kealey et al., 1994; Stenn and Paus,
2001; Singh et al., 2012). Accordingly, several differentiation
processes are impaired in cases of mitochondrial dysfunction
(Rochard et al., 2000; Spitkovsky et al., 2004).
Therefore, in the present study, we aimed at comprehen-
sively analyzing HF abnormal development following a strictly
intraepithelial ablation of the ETC, and at determining whether
this would also impact on skin mesenchyme.
RESULTS
TfamEKO mice do not have an ETC within the HF epithelium
Previously, we had already demonstrated mtDNA depletion
and the absence of respiratory chain complexes in the
epidermis of TfamEKO mice. Although these mice are born in
a mendelian ratio with a normal weight, they do not gain
further weight and die around day 5 after birth (P5), probably
because of the acidosis caused by massive lactic acid release
from the epidermis (Baris et al., 2011).
Successful ETC ablation in the HF epithelium was shown by
assessing levels of an mtDNA encoded subunit of the ETC
(MTCO1). MTCO1 immunohistomorphometry (Bodo´ et al.,
2009; Poeggeler et al., 2010; Knuever et al., 2012) demon-
strated a strong reduction in MTCO1 immunoreactivity in the
outer root sheath keratinocytes of TfamEKO HFs (Supplemen-
tary Figure S1 online).
TfamEKO severely retards HF morphogenesis
We first examined whether intraepithelial ablation of the ETC
affects HF morphogenesis. Quantitative histomorphometry
revealed that this process is severely retarded in TfamEKO at
birth (Figure 1) in pelage but not in vibrissal HFs (Supplementary
Figure S2 online). Generally, HF morphogenesis is completed by
day 9 of development in mice (Paus et al., 1999). However, in
contrast to controls, HFs did not reach the late morphogenesis
stages 7 and 8, even at P5 (Figure 1a, c and e). This corres-
ponded to a significant reduction in the hair morphogenesis
score (420 for TfamEKO versus 590 in Tfamþ /þ mice, data not
shown; Paus et al., 1999). As a consequence of impaired HF
formation, thickness of subcutis was reduced (Figure 1b).
Importantly, also HF density was reduced in TfamEKO mice com-
pared with age-matched wild-type (WT) controls (Figure 1d).
Overall, epidermal ablation of the ETC results in multiple
defects in HF morphogenesis and also suffices to induce
massive extra-epithelial non–cell-autonomous abnormalities.
Moreover, as HF morphogenesis requires extensive epithelial–
mesenchymal cross-talk, this suggests that in addition to
keratinocyte-intrinsic defects, molecular interactions between
the epidermis and dermal tissue are disturbed (Fuchs 2007;
Zhang et al., 2008, 2009; Schneider et al., 2009; Ohyama
et al., 2010).
TfamEKO induces reduced proliferation, increased intrafollicular
apoptosis, as well as premature HF regression and severe HF
dystrophy
We next investigated whether, besides retarding and disturb-
ing HF morphogenesis, epithelial ETC ablation also induces
HF damage and/or prematurely triggers HF regression
before the completion of HF morphogenesis. Indeed, TfamEKO
induces major signs of HF dystrophy similar to what is
observed after chemical, biological, or physical damage to
growing HF (Hendrix et al., 2005). This is also evidenced by
substantial intrafollicular pigmentary abnormalities, including
ectopic melanin granules, melanin disruption, and melanin
clumping (Figures 1e and 2b). Furthermore, a significant
increase in follicular apoptosis (Figure 2a, e and f) goes along
with a significant decline in follicular proliferation (Figure 2c
and d). At P5, when HF morphogenesis normally still
progresses (Paus et al., 1999), TfamEKO HFs showed already
signs of premature regression, as indicated by a catagen-like
morphology (Figure 1a and e). Remarkably, condensed dermal
papillae normally found in telogen HFs (Figure 1a and e–g)
were seen in HFs of TfamEKO mice. That ETC ablation
drives the HF into an untimely, dystrophic state of regression
was independently confirmed by the reduction in the
total area of HF epithelium (Figure 5e). The increase in
apoptotic cells in HFs of TfamEKO mice (Figure 2a, e and f)
is very much like what is seen in chemotherapy-induced HF
dystrophy (Paus et al., 1994; Lindner et al., 1997; Hendrix
et al., 2005).
Qualitatively, b-catenin immunoreactivity in the proximal
HF epithelium was massively reduced in the absence of
a functional ETC (Figure 4c), suggesting disturbance of the
Wnt-b-catenin signaling pathway, as previously reported
(Hamanaka et al., 2013).
Formation of HF stem cell/progenitor compartments is defective
in TfamEKO mice
We next asked whether TFAM ablation impacts on the
establishment of HF progenitor cells. Interestingly, the number
of cells positive for keratin15 (K15þ ), a marker of bulge stem
cells in adult skin (Cotsarelis, 2006), was significantly reduced
in TfamEKO mice (P1.5), suggesting that mitochondrial function
is required to establish this cell compartment from K14þ cells
(Figure 3a and b). In addition, Plet1þ epithelial progenitor
cells of the upper HF isthmus were also significantly reduced
in number by P5 (Figure 3d and e). In contrast, Lrig1þ
progenitors localizing to the upper HF and the periphery of the
sebaceous gland (SG) were unaffected (Figure 3c).
Thus, our data show that the formation of some, but not all,
HF progenitor cell compartments is depending on intact
mitochondrial function.
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Intraepithelial TFAM loss impairs HF differentiation, SG
development, and SG progenitors
HF differentiation was also impaired in TfamEKO mice, as
demonstrated by immunostaining for Lef1, an important
mediator of canonical Wnt signaling and a crucial factor for
differentiation in the hair matrix and precortex, which was
strongly reduced upon epidermal TFAM deletion (Figure 4a
and b), similar to b-catenin (Figure 4c). On the basis of our
result that not all stem cell compartments are properly formed,
we next examined whether this affected the differentiation of
stem cell progeny. To this end, HF and SG differentiation was
analyzed in more detail. Remarkably, TfamEKO mice did not
develop SGs (Figure 4), as demonstrated by the absence
of the sebocyte differentiation markers Scd1 and adipophilin
(Figure 4d–g). This corresponded to massively reduced oil red
staining intensity of TfamEKO SGs compared with WT controls
(Figure 4h). In addition, transcript levels of peroxisome
proliferator–activated receptor-g, crucial for sebocyte differ-
entiation and lipid droplets formation (reviewed in Michalik
and Wahli, 2007), were reduced by 40% in TfamEKO mice
compared with controls (Supplementary Figure S3 online,
Po0.001), confirming the overall impairment of sebocyte
differentiation pathways. Interestingly, it has recently been
demonstrated that Lrig1þ progenitor cells generate mature
sebocytes during SG formation (Frances and Niemann, 2012).
It is thus surprising that although Lrig1þ progenitors are
normal in TfamEKO HFs, SGs are not generated. This indicates
that establishment of Lrig1 progenitor compartment is not
dependent on ETC function, whereas it is required for
differentiation of Lrig1 progeny and essential for entry into
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Figure 1. TfamEKO retards hair follicle (HF) morphogenesis, reduces HF density, and induces HF dystrophy. (a) Photos of mouse back skin (hematoxylin and
eosin). (b) Thickness of the subcutis of TfamEKO mouse skin is significantly thinner, n¼3, seven visual fields (VFs)/mouse. (c) HFs in late morphogenesis stages (6–8)
are reduced in TfamEKO mice, n¼ 2–4 (bars ¼ 50mm). (d) The amount of HFs in TfamEKO mice is significantly lower, n¼ 5–6, 10 VFs/mouse. (e) Hair shafts of
TfamEKO mice show no melanin banding pattern; melanin is ectopic, and dermal papillae (DPs) are condensed and look telogen-like. Black arrows indicate points
of interest (bars¼ 50mm). (f, g) TfamEKO mice have condensed DPs (white asterisk: condensed DP), n¼ 3, 5 VFs/mouse (bars ¼ 13mm). Mean±SEM, *Po0.05,
**Po0.01, using the Mann–Whitney test (b–d) or the unpaired t-test (g).
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the SG differentiation program. Finally, to rule out the
influence of the systemic lactic acidosis in the observed HF
developmental defects, we performed a standard HF recon-
stitution assay using isolated keratinocytes from TfamEKO and
control newborn mice. After 5 weeks, no HF could be
observed in the skin region transplanted with TfamEKO kera-
tinocytes, whereas they developed normally when control
keratinocytes were used (Supplementary Figure S4 online).
This demonstrates that the developmental defects observed in
TfamEKO mice are caused by cell intrinsinc factors.
Intraepithelial ETC ablation results in loss of subcutaneous fat
tissue
Oil red histochemistry revealed that intraepithelial ETC abla-
tion affected the surrounding skin mesenchyme. TfamEKO mice
showed strong reduction in subcutaneous fat tissue, even at
P0, when malnutrition due to general weakness could not
explain this phenotype (Figure 4h). Thus, not only lipid
production in the sebocytes was greatly reduced, but even
mesodermally derived adipocytes in the subcutis failed to
develop properly.
Along with the reduction in HF density (Figure 1d), this
strikingly underscores the concept that targeted intraepithelial
ETC ablation in murine skin suffices to induce extra-epithelial
non–cell-autonomous abnormalities, most likely due to the
absence of secreted factors emanating from the epithelium.
Intraepithelial TfamEKO alters immunocyte number and
distribution in murine skin
Our concept that intraepithelial ETC ablation in murine skin
does also induce immunological extra-epithelial abnormalities
was followed up by studying the number, distribution, and
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Figure 2. TfamEKO hair follicles (HFs) show increased apoptosis, reduced proliferation, and pigmentation abnormalities. (a) Photos showing matrix keratinocytes
in situ in high-resolution light microscopy; red arrows, proliferation; black arrows, apoptosis; n¼3 (bars ¼ 13mm). (b) TfamEKO mice show HFs with
melanin clumping and melanin disruption. (c, d) Proliferating cells (BrdUþ : purple, keratin14: green) are decreased in TfamEKO animals. (c) Representative
photos (bars¼ 75mm, left panels; 25mm, right panels). (d) ***Po0.001, n¼ 10 HFs/mouse from two mice per time point, Student‘s t-test for unpaired samples.
(e) TUNELþ cells in TfamEKO animals and littermates (bars ¼ 20mm). (f) Loss of Tfam results in an increased TUNEL signal in TfamEKO animals, ***Po0.001,
n¼ 5 mice per time point, Student‘s t-test for unpaired samples. Tfam, mitochondrial transcription factor A.
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marker expression of selected immunocytes by quantitative
immunohistomorphometry (major histocompatibility complex
(MHC) class II, CD11b, mast cells). Unexpectedly, these
analyses revealed significantly more MHC IIþ (Figure 5b)
and CD11bþ (Figure 5g) cells found in the HF connective
tissue sheath of TfamEKO mice, whereas the number of mast
cells did not change (Supplementary Figure S5 online). The
opposite was observed when the number of intraepithelial
MHC class IIþ or CD11b cells was measured in the distal HF
(Figure 5b and g) or the epidermis of Tfamþ /þ mice (Figure 5c
and h), which was reduced for both types of cells when
compared with WT controls. These data suggest that the
number of macrophages, dermal dendrocytes, and other
MHC IIþ immunocytes in the perifollicular mesenchyme is
higher, possibly because of the secretion of chemoattractants
from the epithelium of TfamEKO mice in the absence of a
functional ETC. The overall expression level of MHC II was
also decreased in both, the connective tissue sheath and the
distal HF epithelium of TfamEKO mice (Figure 5d, P5).
Intraepithelial ETC ablation reduces the inductive capacity of
murine HF mesenchyme
Finally, we investigated markers that gauge the inductive
potential of HF mesenchyme (NCAM, versican, and alkaline
phosphatase; Ohyama et al., 2010), as a reduction of this
potential could well explain the severe abnormalities in HF
induction and morphogenesis described above. Alkaline
phosphatase activity is significantly reduced in TfamEKO
mice (Figure 6a and b, P5). In contrast, versican immunor-
eactivity is only reduced on P0 and is even upregulated
Tfam+/+
P1
.5
P1
.5
Lrig1 DAPI
Plet1 Pl
K15 DAPl
P1.5
30
120
100
80
60
Pl
et
 1
 p
os
itiv
e 
H
F 
(%
)
40
20
0
25
20
15
10
5N
o.
of
 K
15
 p
os
itiv
e 
ce
lls
 p
er
 H
F
0
***
**
P1
.5
P0
P0
P5
NS
P5
TfamEKO
Tfam+/+ TfamEKO
Tfam+/+ TfamEKO Tfam+/+ TfamEKO
Figure 3. Epithelial progenitor markers are partially abnormal in TfamEKO mice. (a) Representative photos show keratin15 (green) and 4,6-diamidino-2-
phenylindole (DAPI; purple) immunoreactivity (bars ¼ 25mm). (b) Significant decrease in keratin15 immunoreactivity, n¼ 20 hair follicles (HFs), from two mice
per time point. (c) Lrig1 expression (green) is not affected; DAPI (purple; bars ¼ 100mm). (d) Representative photos show Plet1 (green, propidium iodide nuclear
counterstaining purple) immunoreactivity (bars ¼ 50mm). (e) Only on day 5 after birth Plet1 immunoreactivity is significantly decreased, n¼25–50 HFs/mouse,
from 4 mice per time point. Mean±SEM, **Po0.01, ***Po0.001, analyzed by Student‘s t-test for unpaired samples.
JE Kloepper et al.
Mitochondria in Hair Follicle Morphogenesis
www.jidonline.org 683
afterward (despite the size of the HF dermal papilla being
significantly smaller at that time in TfamEKO compared with
WT control; Figure 6c–e). This corresponded well to the
observation that the area of NCAMþ dermal papillae and
connective tissue sheath mesenchyme was smaller in TfamEKO
mice compared with WT mice (Figure 6f–h, P5), whereas the
overall NCAMþ immunoreactivity within these areas was
increased (Figure 6f–j). This shows that TFAM ablation in the
skin epithelium initiates major mesenchymal abnormalities
and highlights the importance of an intact epithelial ETC for
the establishment of physiological epithelial–mesenchymal
interactions during postnatal murine skin development.
DISCUSSION
Here we demonstrate that, in contrast to epidermal and
vibrissal development, proper HF and SG morphogenesis
critically depends on a functional mitochondrial ETC. Still,
the exact molecular mechanisms leading to morphogenesis
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impairment of the pilosebaceous unit in TfamEKO mice are
unclear. We observed a severely delayed morphogenesis,
probably due to a significantly decreased proliferation rate
of K14þ cells (Figure 2c and d), which one might simply
attribute to their inability to generate mitochondrial ATP.
Nevertheless, in this context, we observed even hyperproli-
feration and no apoptosis of K14þ cells in the epidermis of
TfamEKO at early stages (Baris et al., 2011 and Figure 2e),
indicating that these cells can cope with the lack of mitochon-
drial ATP at this stage. However, one cannot exclude that the
absence of respiratory chain might affect other mitochondrial
biosynthetic pathways, which would be more important for
HF development compared with the epidermis. For example,
5-aminolevulinic acid, an intermediate of heme biosynthesis
pathway synthesized inside mitochondria, has been shown to
stimulate HF growth in vivo when combined with iron, thus
suggesting a potential role in HF development (Morokuma
et al., 2008).
Interestingly, Chandel’s group results mostly corroborate
our data (Hamanaka et al., 2013). Their TfamEKO animals also
displayed increased proliferation and no increased apoptosis
in basal layer keratinocytes. In accordance with our present
observations, HFs from these mice enter premature catagen,
fail to develop sebaceous glands, and display markedly
reduced b-catenin expression (Hamanaka et al., 2013). They
suggested that disturbed reactive oxygen species signaling
would explain HF abnormalities observed in TfamEKO mice.
On the basis of in vitro reactive oxygen species measurements,
differentiation assays, and rescue experiments, using treatment
of primary keratinocytes with exogenous H2O2, they conclude
that the lack of reactive oxygen species production following
ETC ablation impairs notch and b-catenin signaling, which is
essential for proper HF development. Indeed, we had
previously shown that cultured primary human keratinocytes
accumulate superoxide anions and also suggested at that
time that these species might be implicated in keratinocyte
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differentiation (Hornig-Do et al., 2007). However, although
they might involve nucleoredoxin, the redox status of which
impacts on the Wnt/b-catenin pathway (Funato et al., 2006),
the precise mechanisms by which mitochondrial reactive
oxygen species would influence HF development have still
to be determined.
Importantly, our results show that the absence of ETC in
K14þ cells also affects epithelial–mesenchymal interactions,
resulting in striking non-epithelial defects. Indeed, in our
model, an early and complete ablation of TFAM in the
epidermis, already observable at P0 (Baris et al., 2011),
severely impairs proper differentiation of adipocytes and
leads to melanocyte defects, strongly suggesting that the
epithelial–mesenchymal cross-talk is disturbed. Strengthening
this, we observed that adipocyte differentiation was already
impaired at birth, ruling out malnutrition as being responsible.
However, contrasting with our mice, TfamEKO animals from
Chandel’s group survived up to P18 and presented a promi-
nent layer of subcutaneous fat. This striking difference is
probably due to the use of a different K14-cre mouse line,
which could have resulted in delayed ablation of TFAM in
their case, as suggested by their western blot experiments
(Hamanaka et al., 2013). Interestingly, it has been shown that
intradermal adipocyte lineage cells are necessary to activate
follicular stem cells through PDGF signaling (Festa et al.,
2011). This is in line with our observation that a targeted
intraepithelial ETC ablation in murine skin suffices to induce
massive extra-epithelial non–cell-autonomous abnormalities,
most likely due to the absence of secreted factors emanating
from the epithelium.
Differentiation of K15þ cells, derived from K14þ TfamEKO
cells, and their progeny was severely impaired, which
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Figure 6. TfamEKO disturbs the epithelial–mesenchymal cross-talk. (a, b) Alkaline phosphatase (AP) active dermal papillae (DPs) in blue (n¼ 19–32 hair follicles
(HFs), three mice). (c–e) Versican immunostaining, white lines demarcate the versicanþ DP areas and immunoreactivity (IR) was measured (n¼9–30 of HFs, 2–3
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probably had a role in the abnormal development of the
pilosebaceous unit in TfamEKO mice. Indeed, work by Nowak
et al. (2008) showed that the ablation of sox9, a marker of
early bulge cells, affects HF and SG formation. On the contrary,
although the number of differentiated sebocytes (adipophilin,
Scd1, and oil red) was reduced, numbers of their precursors
(Lrig1þ ) were not changed. Similar observations, normal
levels of stem cells, but impaired differentiation to imme-
diate progeny, were made in hematopoietic stem cells with
high levels of mtDNA point mutations (Norddahl et al., 2011)
or mtDNA deletions (Inoue et al., 2010). The same pheno-
menon is observed in neuronal stem cells with high levels of
mtDNA point mutations but not in neuronal stem cells with
mtDNA deletions (Ahlqvist et al., 2012). In summary, different
stem cell lineages are dependent on mitochondrial function
to a different extent, but many of them seem to have a
surveillance system to monitor mitochondrial quality.
Our results suggest that, at P5, TfamEKO mice show an
increased number of macrophages, dermal dendrocytes, and/
or other MHC IIþ immunocytes in the perifollicular mesench-
yme. This could be due to increased secretion of chemoat-
tractants by the epithelium of TfamEKO HFs. Chemoattractants
probably direct these immunocytes into the perifollicular
mesenchyme during HF morphogenesis–associated stepwise
generation of the HF immune system (Paus et al., 1998;
Nagao et al., 2012). It is also interesting that the number of
intraepithelial MHC IIþ cells (¼ Langerhans cells) is reduced
in the TfamEKO mice. Although this may simply reflect a
knockout-induced reduction in the volume/area of the upper
HF (Figure 5e), with a corresponding decline in the number of
MHC IIþ cells distributed within this volume/area, it could
also indicate a reduced capacity of the distal outer root sheath
epithelium to secrete sufficient chemoattractants for proper
immigration of Langerhans cells from the epidermis into the
distal outer root sheath (Paus et al., 1998). Alternatively,
TfamEKO could alter the keratinocyte expression of cell
adhesion molecules that may guide MHC IIþ Langerhans
cells into their exclusive, predestined positions within the
distal outer root sheath above the bulge region. In any case,
observations in the upper HF contrast strikingly with the
impact of TfamEKO on the perifollicular skin immune system.
Another explanation for the observed immunological abnor-
malities is that the immune response is a consequence of HF
destruction and regression (¼ secondary to primary HF
defects). This raises again the question whether TfamEKO
differentially affects the secretory and/or adhesion molecule
expression profile of the epidermis versus the HF epithelium of
murine skin.
To conclude, our study demonstrates the importance of
intact mitochondrial function within the HF epithelium for the
overall development and physiology of murine skin and
underscores the importance of proper development of the
pilosebaceous unit for skin biology as a whole. That a strictly
intraepithelial, engineered defect of the ETC induces major
extra-epithelial defects during skin morphogenesis is best
explained by abnormalities in the secretory profile of
ETC-ablated HF epithelium, perhaps coupled with epithelial
defects in responding to secreted mesenchymal cues, which
greatly disrupt the bidirectional epithelial–mesenchymal com-
munication that drives normal skin development. This
encourages one to systematically explore a, to our knowledge
previously unreported, frontier in skin biology: the coupling of
keratinocyte mitochondrial function with intracutaneous
epithelial–mesenchymal interactions.
MATERIALS AND METHODS
Generation of the TfamEKO mouse line
Mice with a Keratin-14-Cre driven ablation of TFAM in the epidermis
were generated as previously described (Baris et al., 2011). Genomic
DNA was isolated from tail biopsies with the DirectPCR Lysis Reagent
Tail (PEQLAB Biotechnologie GMBH, Erlangen, Germany) and used
to identify the genotype of the animals by PCR. All animal studies
were approved by the local government authorities (Landesamt fu¨r
Natur, Umwelt und Verbraucherschutz, LANUV, Recklinghausen,
Germany).
Collection of mouse skin samples
Back skin samples used for immunohistochemical analysis were
prepared at postnatal days 0 (P0), 3 (P3), and 5 (P5) according to a
previously described method (Paus et al., 1999). Samples were either
embedded in paraffin or kept frozen in O.C.T. compound (Tissue Tek,
Vogel, Giessen, Germany, www.sakuraeu.com) at  80 1C. In both
cases, sections were prepared with a thickness of 5–8mm.
Whole-mount preparation
Epidermal whole mounts from back and tail skin were prepared at
P1.5, as described before (Braun et al., 2003; Frances and Niemann,
2012). Briefly, back and tail skin were harvested and incubated for
1 hour in 20 mM EDTA or 5 mM EDTA at 37 1C, respectively, to
separate the epidermis from the dermis. The epidermal part was fixed
for 1 hour in 3.4% paraformaldehyde in phosphate-buffered saline
and stored at 4 1C for further analysis.
Histomorphometric analyses
Morphologic criteria to determine the different HF and vibrissal HF
stages were used for quantitative histomorphometry according to Paus
et al. (1999) using hematoxylin and eosin stained paraffin slides. For
the evaluation of the HF density, only HFs reaching the epidermis
were taken into account.
High-resolution light microscopy method
High-resolution light microscopy: skin samples were removed and
immediately fixed in half-strength Karnovsky’s fixative (a mixture of
2% formaldehyde and 2.5% glutaraldehyde buffered to pH 7.4 with
0.1 M sodium cacodylate buffer) as 3 mm3 tissue cubes. The samples
were post-fixed in cacodylate-buffered 2% osmium tetroxide for
1 hour and embedded in araldite resin, as previously described
(Tobin et al., 1991). Semi thin sections (1mm) were stained with
toluidine blue/borax. Multiple blocks were examined from each
mouse, and multiple 1mm thick sections were examined from each
block. The full 3 mm length of the skin sections was assessed (Tobin
et al., 1991).
Staining methods
For the different staining techniques please see the Supplementary
Materials and Methods online.
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Microscopy
The Olympus IX81 (Olympus, Tokyo, Japan) was used for confocal
microscopy, the Nikon 80i bright-field light microscopy (Nikon, Tokyo,
Japan) was used for high-resolution light microscopy, and the Biozero
8100 from Keyence (Keyence, Osaka, Japan) was used for light and
immunofluorescence microscopy.
Statistics
Statistical analysis was performed, as stated in the figure legends.
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